Abstract This study compares the surface wind speed and forest damage data of two exceptionally severe winter storms, Vivian 1990 and Lothar 1999. The study area comprises the region that suffered damage in Switzerland. The wind speed data were derived from simulations of MeteoSwiss (Federal Office of Meteorology and Climatology), measurements during the storm periods and expert analyses of the data. The remotely sensed forest damage data were provided by the Federal Office for the Environment and the forest cover data by Swiss Federal Statistical Office. We compared data on the peak gust and maximum average wind speed, with data on the spatially related forest area and forest damage area, and found some clear differences in the correlations between the different wind data and forest damage. Our results point generally to the damage-causing role of near-surface gusts at maximum wind speeds during the storm. These tended to be spatially distributed on a fine scale. In only a few cases were the results statistically significant. However, these results could probably be improved with better wind data. For example, gust measurements spatially closer to forests or simulations of gusts at maximum wind speed could be produced with a spatially higher resolution.
Introduction
Storms are the disturbance factor that causes by far the most severe damage to forests in Switzerland (Schelhaas et al. 2002) and in Europe (Schelhaas et al. 2003) . Severe winter storms are rare events, e.g. Lamb (1991) , and tend to be triggered by different meteorological situations, but they have nevertheless caused most storm damage in Swiss forests. Rockel and Woth (2007) analysed the uncertainty of the effect of enhanced greenhouse gas conditions on the windiness projected by an ensemble of regional model simulations and estimated an increase of up to 20% in the number of peak gusts ≥8 Bft over Central Europe for 2071-2100. Leckebusch et al. (2008) predicted an increased frequency of Central European storm clusters with an enhancement of the pressure gradient over Central Europe under "green-house" global warming conditions. Nilsson et al. (2007) related forest damage to the wind field in a high-resolution regional climate model simulation in the relatively gentle topography of Scania in southern Sweden, and found most damage occurred in areas affected by maximum wind speeds greater than 30 m s −1 . Blennow and Olofsson (2008) estimated the changing probability of exceeding the critical wind speed for significant wind damage in southern Sweden and found an increasing probability of damaging wind in many places. However, wind as a meteorological element is very difficult to monitor (Hann 1869; Maurer et al. 1909; Schüepp 1950; Schiesser et al. 1997; Trenberth et al. 2007) . Only a few studies on forest storm damage have included wind speed data in their analyses of regional differences in damage. As observed, wind data is largely lacking, most Swiss studies base wind regimes on general assumptions such as spatially homogeneous random distribution and try to relate spatial damage patterns to a broad variety of forest and site conditions. For example, Hollenstein (2002) was able to correlate multivariately forest inventory data and storm damage data but failed to improve the results of earlier investigations, possibly because, as he suggests, not all the relevant variables had been considered. Gardiner et al. (2008) reviewed mechanical models of wind damage risk and found the most widely adopted models were designed to calculate the risk at the stand level within uniform forests. Predicting the critical wind speed is said to become increasingly difficult the hillier or at least the more complex the terrain. König (1995) proved that stand height influenced storm damage most and found a good correlation between simulated wind speed data from the numeric simulation model FITNAH (Gross 1991) and observed wind speed data as well as between severe storm damage and the simulated highest wind speeds. Schütz et al. (2006) used data from 332 randomly chosen pure and regular stands of spruce and beech in the Swiss Midlands and Doppler radarmeasured wind speed. He found that the susceptibility for spruce was three times higher than for beech during the winter storm Lothar, with aspect being a significant factor but wind speed not. Hanewinkel et al. (2008) investigated a 77-year time series of natural disturbances in southwestern Germany using logistic regressions combined with autoregressive techniques and found storm damage more likely in previously damaged stands. Schindler et al. (2009) used wind data from a mesoscale airflow model for southwestern Germany for the 1999 winter storm Lothar and found the highest wind damage probability "for coniferous forest growing on acidic, fresh to moist soils on bunter sandstone formations-provided that 'Lothar' maximum gust wind speed exceeded 35 m s −1 in the areas in question". Schmidt et al. (2010) modelled single tree storm damage using inventories from the 1999 winter storm Lothar in southwestern Germany, solving the problem of missing observed wind data by applying a generalised additive model, and found tree height to be a prominent factor influencing the level of damage. A number of forest site and stand conditions are often mentioned as important influences on wind damage (Kuhn 1995; Quine and Bell 1998; Ray and Nicoll 1998; Dobbertin 2002 Dobbertin , 2005 Mayer et al. 2005; Schütz et al. 2006; Vanomsen 2006) . These include root anchorage, which is thought both to have decreased during the past decades perhaps due to soil acidification, e.g. Braun et al. (2003) , and to be a major cause of the increase in storm damage. However, such site factors might correlate with wind regimes to some extent due to regional similarities in geology and orography. Studies that do not include regional differences in the wind regimes when analysing storm damage patterns thus need careful interpretation. Braun et al. (2003) analysed soil data from permanent observation plots and forest damage data from the 1999 storm Lothar. They found more beech (Fagus sylvatica) than Norway spruce (Picea abies) had been damaged. The damage correlated negatively with the actual soil base saturation for beech and Norway spruce, negatively with coarse soil pore volume, and positively with nitrogen concentration in beech leaves. It did not correlate significantly with seasonal ozone, crown transparency, stem diameter, crown size, slenderness, social position, and position within the stand. Unlike Braun et al. (2003) , Nicoll et al. (2006) found no decrease in root anchorage in their investigation of a database of almost 2,000 trees which had been mechanically overturned between 1960 and 2000 in the UK. Instead, they suggest root anchorage is significantly influenced by a variety of parameters including soil groups and root depth classes. Therefore, we cannot assume that root anchorage markedly decreased between 1990 and 1999 in Switzerland. Another factor that is thought to make severe storm damage more likely is unfrozen and watersaturated soil, but this soil condition is rather typical during cyclonal weather, which tends to precede winter storms (Usbeck et al. 2010a ). Other factors known to influence storm damage, such as the proportion of conifers, stand structure, or management system, did not change substantially in the time between the winter storms Vivian and Lothar, see EAFV (1988) , and Brassel and Brändli (1999) . Marked regional variations in peak gust wind speeds, e.g. differences between inner alpine valleys and the central plain, occurred during both storms. The critical wind speed of 30 m s −1 was greatly exceeded in some regions, but much less in others. Given these large regional differences in the wind regimes, the influence of site and forest conditions on tree failure found in overturn experiments (Nicoll et al. 2005 (Nicoll et al. , 2006 (Nicoll et al. , 2008 seems to be of minor importance. The amount of forest damage caused by the heaviest storms has increased in Switzerland over the past 150 years (Usbeck et al. 2010a) . While the largest amount of damage that occurred between 1858 and 1907 (on 02 Feb. 1879) was 571,000 m 3 , the heaviest storm between 1958 and 2007 (on 26 Dec. 1999) damaged 14.0 million m 3 of timber. The frequency of severe damage due to winter storms has also risen in the last five decades (Usbeck et al. 2010a) . These larger amounts of damaged timber might partly be attributed to the fact that the volume of standing timber has increased. However, it may also be more related to extreme wind speeds. Measurement data from Zurich (on the Swiss Plateau), which have been recorded in one of the longest time series of wind observations in Switzerland, show that the number of peak gusts over 24 h and maximum hourly wind speed means have both risen in the past five decades (Usbeck et al. 2010b ).
Long-term observations have revealed large regional variations in the amount and intensity of forest damage. The damage caused by the strongest winter storms is not homogeneously distributed either across the country or even in those specific regions where the damage was particularly severe (Usbeck et al. 2010a) . One possible reason is that wind fields are strongly influenced by complex terrain (Ruel et al. 1998; Quine et al. 1999) . Wind speed and direction tend to vary widely between regions in Switzerland (Steinhauser 1951) . In the case of significant upstream orographic barriers such as the Jura mountains, regions located in the downstream area may be affected more by winds since the air flow tends to be more turbulent than in areas without a barrier. With prevailing west wind storms, these mountains may have such a barrier effect and amplify the peak gusts in the downstream regions on the Swiss Plateau. The main wind factor determining forest damage in Canton Zurich appears to be gusts and not average wind speed (Usbeck et al. 2010b ). Thus, higher turbulence is expected to lead to systematically increased damage in downstream regions.
Until now, however, the influence of wind speed on windthrow in Switzerland has never been studied on large scales (areas >10 4 km 2 ) using high-resolution damage inventories. This study investigated the spatial correlation between the available wind data for Switzerland and the inventories of the forest damage that occurred in different regions during the storms Vivian in 1990 and Lothar in 1999. In Switzerland, the winter storm Vivian resulted in 5.1 million m 3 damaged growing stock and Lothar in 14.0 million m 3 . Both were caused by depressions developing and moving west to east over the Atlantic. The cold front associated with Vivian moved from north to south, crossing the Alps, but the cold front associated with Lothar moved from west to east north of the Alps and did not cross the Alps. These different paths resulted in rather different forest damage patterns, with Vivian causing damage mainly in the pre-Alps and inner Alps, and Lothar mainly in the Swiss Plateau and the pre-Alps. Generally higher maximum wind speeds per event were measured during Vivian in the inner Alps, with peak gusts and maxima of 10 min average wind speed, whereas during Lothar these maxima occurred on the Swiss Plateau (WSL and BUWAL 2001) .
In this study, the focus was therefore mainly on different wind factors and their spatial correlation with the damaged areas of the Swiss forest. Since the forest and site conditions did not differ very much between the two storms, their influence was not included. Therefore, wind factors alone were taken as the independent variables and the amount of damage caused as the dependent variable. The following questions were addressed:
How did different wind speed parameters such as peak gust wind speed, maxima of 10-min average wind speed or the maxima of the hourly average wind speed spatially correlate with the observed forest damage? How did wind speed and wind pressure correlate spatially with storm damage in forests situated in hilly and in mountainous regions? How did wind data such as simulated wind data (A), wind measurement data from climate stations (B), and expert analysed wind data (C) correlate spatially with observed forest damage?
Materials and methods
The study area was the whole of Switzerland. After Vivian and Lothar, damage inventories were conducted based on interpretations of aerial photos. Only damage areas included in these inventories were considered. The following geographic information system (GIS) layers were used to define the inventoried areas: All storm damage data were derived from GIS shape files provided by the Federal Office for the Environment (FOEN). In the Lothar inventory, damage areas were classified as scattered damage areas (remaining canopy cover >0.2-≥0.6) or total damage areas (remaining canopy cover ≤0.2) for forests at least 1 ha in size, whereas in the Vivian inventory only total damage areas (remaining canopy cover ≤0.2) for forests at least 0.2 ha in size were recorded.
Both modelled as well as observed wind data were included. Maximum values per event were selected. The variables used are explained in Table 1 .
The following data were used: WSL estimation: storm maxima of gust wind speeds in a two-cluster isotach map based on hand-drawn maps (WSL and BUWAL 2001) , ANETZ and ENET gust wind speed data, a digital elevation model, a digital inclination model and a digital exposition model.
The general approach is shown schematically in Table 2 , which includes the list of abbreviations:
First, the forest GIS layer was intersected by the damage inventory perimeter and dissolved by the damage inventory layers (Fig. 1a) . Second, the following buffers were constructed: circular buffers (c; Fig. 1b and c) 1, 2, 3, and 5 km in radius and rectangular buffers (w and o) centrically around the points of interest ( Fig. 1d and e). The rectangular buffers comprise a longitudinal/ latitudinal proportion of 5:1 and cover areas similar to circles of 0.5, 1, 2, 3, and 5 km in radius. Two different orientations of the rectangular buffers were tested: longitudinal (w; Fig. 1d ) and perpendicular (o; Fig. 1e ), arranged according to the average wind direction at the time of the maximum value of the wind speed variable considered. Third, the forest GIS layer and the damage inventory GIS layer were intersected by the buffer GIS layer. The fractions of the damaged forest area were then computed for all buffer areas. Wind pressure was calculated as:
where, p wind = wind pressure, c w = air drag coefficient, ρ = air density, and v = wind speed. Regressions between the wind pressure and the damage fractions of the forest area were then used to compute the coefficients of determination R 2 for each buffer type (I and II), depending on the buffer area size. The software R2 (Steiger and Fouladi 1992) was applied to the angulartransformed coefficients of determination to check the significance level. 3 Specific methods
Measurements (M)
Vivian: The primary Swiss meteorological network ANETZ in forest zone altitudes (36 stations considered) and the full sets of buffers were used and the general method applied. Lothar: The primary Swiss meteorological network ANETZ in forest zone altitudes (34 stations considered) and the full sets of buffers were used and the general method applied.
Lothar: The primary Swiss meteorological network ANETZ (34 stations considered) and the secondary Swiss meteorological network ENET (34 stations considered) in forest zone altitudes and the full set of buffers were used in combination and the general method applied.
Simulation (S)
The simulation grid and the full sets of buffers were used and the general method applied. Additionally, to separately compare the impact on the Swiss lowlands and on areas up to medium altitudes, the general method was applied to data subsets limited to the simulation points first up to 800 m above sea level (asl) and then 1,400 m asl.
Expert estimates (X)
MeteoSwiss estimation First, a peak gust map was drawn dissolving the four gust wind speed isotach maps adopted from WSL and BUWAL (2001) . See the example shown in Fig. 1f . The simulation grid and the buffers c, size A, were then used and the general method applied.
To compare the observed wind data and the estimated data spatially, the peak gust map (Fig. 1g ) and the map of the meteorological stations were dissolved and the means of the maxima of the observations per interisotach were computed. The significance of differences between the mean values was tested by applying the Kruskal-Wallis rank sum test (H test) and the Wilcoxon, Mann and Whitney test (U test) between all clusters separately.
WSL estimation First, a map was drawn summarising the peak gust wind speed based on meteorological measurements and descriptions. The simulation grid and the buffers c, size A, were then used and the general method applied.
To compare the observed wind data and the estimation data spatially, the peak gust wind speed map and the map of the meteorological stations were dissolved and the means of the maxima of the observations per interisotach area computed. The significance of the differences between the mean values was tested by applying the Wilcoxon, Mann and Whitney test (U test) between the clusters.
Results
The variable that correlated best with the damage area fraction was peak gust wind pressure (p g ). The coefficient of determination for gust wind speeds and the damage area fraction of the forest area generally increased from the larger to the smaller buffers and were best for the circular buffers of the storm Vivian (Table 3) . Generally, the number of observations of damaged forest areas within the buffer zone decreased from the larger to the smaller buffers.
Measurements
Vivian: p g fitted best spatially with the damage area fraction of the circular buffers of the storm Vivian (Table 3 ) and all buffer sizes tested were significantly correlated. The R 2 between the wind pressure and the damage area fraction increased from the largest to the smallest buffer. The transformed R 2 of the damage area fraction and p g was 0.3 with the largest circular buffer and 0.8 with the smallest (Table 3) , but the damage area fraction decreased from 1.7% to 0.9%. Additionally, p g was significantly correlated with the damage area fraction of the two largest rectangular buffers along the wind direction of the storm Vivian, while R 2 remained relatively low at a level of 0.3. None of the other wind variables tested with the circular and rectangular buffers were significantly correlated. No clear increases or decreases in the damage area fraction were found.
Lothar, ANETZ: None of the wind variables of the storm Lothar tested with the circular and rectangular buffers around the meteorological stations of the ANETZ were significantly correlated, and no clear increases or decreases in the damage area fraction were found.
Lothar, ANETZ and ENET: p g and 10 min average wind pressure of the combined ANETZ and ENET of the storm Lothar were significantly correlated with the damage fraction of the forest area of the smallest tested circular buffer size, while R 2 remained relatively low at a level of 0.2 (Table 3) . All other wind variables tested with the circular and rectangular buffers were not significantly correlated and no clear increases or clear decreases were computed for the damage area fraction.
Simulation
The intermediate circular buffers of the simulation yielded significant correlations between p g and the transformed data of the damage area fraction for the storm Lothar at low and medium altitudes, but with low levels of R 2 . The damage area fraction increased from the largest to the smallest buffers. In contrast, no significant correlations were found for the rectangular buffers, neither for the significance tests ) and probabilities of the test statistics (p values) according to the investigation plan (described in Section 2; legend, see Table 2 ; bold p values; of the transformed data of the damage area fraction and wind speed nor for any subset of the damage area fraction.
Expert estimates
MeteoSwiss estimation No clear correlations between the damage area fraction and gust wind speed clusters were found, but when the damage inventory GIS layer was partially dissolved by the single gust wind speed isotach maps, visually close connections between the high gust wind speed areas and the areas with high damage densities (Fig. 1f) were observed. Using the 14×14 km grid of the simulation with the circular buffer 5 km in radius, the observed p g assigned to the spatial clusters of the dissolved map of the storm Lothar were not significantly correlated with the damage area fraction of the circular buffers 5 km in radius (Table 3) . No clear correlations between the damage area fractions were found for the areas with the gust wind speed estimation clusters. With increasing levels of the gust wind speed clusters, the gust wind speeds recorded by ANETZ and ENET increased (Fig. 2) . The Kruskal-Wallis rank sum test was significant. The U test was applied to each two of the clusters only for the wind pressure pairs 105/125, 105/135, and 115/135 km h −1 . It was also applied to the wind pressure pairs 95/135, 105/135, and 115/135 km h −1 for the damage fraction and significant differences between wind pressures were found. The box plots also indicate significant differences in these cases (Figs. 2 and 3 ).
WSL estimation The proportion of forest damage increased for the areas with high peak gust wind speed. The observed gust wind speeds assigned to the spatial clusters of the magnitude map of the storm Lothar were significantly correlated with the damage area fraction of the circular buffers 5 km in radius (Table 3 ). The mean of the observed gust wind speed in the area of the classified high gust wind speed was clearly higher (148 km h −1 ) than the mean of the gust wind speed in the area of the estimated lower gust wind speed (126 km h
−1
). The U tests indicated significantly different observed gust wind speeds and damage fractions for the two gust wind speed estimation areas (see also the box plots in Figs. 4 and 5) .
Discussion
The parameter performing best in most of our models was found to be the gust wind speed connected to the circular buffers with small buffer sizes. A close connection between storm damage to forests and wind speed is not a unique Fig. 3 Box plots illustrating the variability of the observed damage area fraction in the eight interisotach clusters of the maximum gust map (Expertise MeteoSwiss): clusters named according to the mean of the estimated wind pressure vs. observed damage area fraction Fig. 2 Box plots illustrating the variability of the observed wind pressure in the eight interisotach clusters of the maximum gust map (Expertise MeteoSwiss): clusters named according to the mean of the estimated wind pressure vs. observed wind pressure Fig. 4 Box plots illustrating the variability of the observed wind pressure in the two interisotach clusters of the maximum gust map (Expertise WSL): clusters named according to the estimated wind pressure level vs. observed wind pressure finding for Switzerland. It is in line with the results of various studies, e.g. Quine (1991) for (southern) Britain from 1945 to 1990, Schüepp (1994) for Switzerland examining the 1990 winter storm Vivian, Gardiner et al. (2000) for the prediction of critical wind speeds using two models, Otto (2000) analysing long-term observations in Lower Saxony in Germany, Mayer and Schindler (2002) modelling wind loads on trees for the winter storm Lothar in Germany, Nicoll et al. (2005) for estimations based on winching experiments in Scotland, Changnon (2007) for the USA from 1949 , Meyer et al. (2008 for the total damage threshold during the winter storm Lothar in Switzerland, Schindler et al. (2009) for the storm field of the winter storm Lothar and Gardiner et al. (2010) reviewing destructive storms for Europe 1950-2010. In other studies, wind parameters were found to be of nonsignificance (Mayer et al. 2005; Schütz et al. 2006) or secondary importance (Kupfer et al. 2008) .
Several scales in worldwide use for the estimation of the effective wind speed range at a given location have also been successfully related to wind damage to trees, e.g. the Beaufort scale, the Saffir/Simpson scale, the Fujita Tornado scale and the TORRO scale (Cullen 2002; Hubrig 2004) . The frequent use of such scales (Boose et al. 1994 (Boose et al. , 2001 (Boose et al. , 2004 Busby et al. 2008) can be seen as a sign of their usefulness. The effect of wind speed on trees was also used for studies relating damage to wind speeds (Cook and Goyens 2008) , even using recent and subfossile forest damage patterns (Lorrey and Martin 2005) . Such universal use of an effect that is relatively easy to assess (the wind effect on trees) for a cause that is very difficult to assess (wind) assumes a predominant influence of wind speed on storm damage to forests. Nonetheless, wind is not the sole agent influencing the amount of storm damage to forests during such an event. A variety of causative factors for storm damage have been repeatedly found worldwide. In a number of studies, tree height was found to be a very important factor influencing the level of damage, e.g. Canham et al. (2001) , Kenderes et al. (2007) , Busing et al. (2009), and Schmidt et al. (2010) . Additional factors found to significantly influence damage include altitude, exposition to the prevailing winds (Schüepp et al. 1994) , stand age, development stage, percentage of conifers, soilwater logging, soil depth, exposition, stand structure, and previous damage or fellings (Dobbertin 2002) , soil base saturation and nitrogen concentration in leaves (Braun et al. 2003) , country, soil pH, proportion of coniferous trees, slope, humus type, stand height, and altitude (Mayer et al. 2005) , tree species mixture and aspect (Schütz et al. 2006) , stand structure and stand age, mean elevation, the range of elevations across the stands (Evans et al. 2007 ), elevation, aspect, slope, and age and height of the two dominant tree species (Kenderes et al. 2007 ), stand age, forest type, stand condition, site aspect, and distance to the nearest perennial stream (Kupfer et al. 2008) , slope and aspect, soil water saturation (Schmöckel and Kottmeier 2008) , tree species, topographic exposure, the severity of the local storm regime, and the combined effect of basal area and mean slenderness of the dominant trees (Martin-Alcon et al. 2010) , land type association, distance to the nearest lake, and elevation (Moser and Nelson 2009) , tree species class, and tree age or growth stage (Phillips et al. 2008) , tree species, breast height diameter, and its correlation with species-specific mean crown depth/height (Yoshida and Noguchi 2009) , and finally, height to diameter at breast height ratio, tree species group, exposition, and soil water saturation (Schmidt et al. 2010) . However, sometimes factors such as stem diameter, slenderness, social position, and position within the stand (Braun et al. 2003) or slenderness and time since last thinning or previous damage (Schütz et al. 2006) were not found to significantly relate to storm damage to forests but in other studies one or more of them were found as significantly influencing factors (Dobbertin 2002; Hanewinkel et al. 2008; Schmidt et al. 2010) .
A spatial scale-dependent differentiation was found by Xi et al. (2008) : "Tree size and species explain damage variation at the stand scale; topographic, site and stand factors explain damage variation at the landscape scale and wind speed and precipitation explain damage variation at the regional scale." Usbeck et al. (2010b) computed a correlation coefficient of 0.93 for the correlation between the maximum wind force (derived from maximum gust wind speed) and the forest damage for both the landscape scale and the regional scale. The result of Usbeck et al. (2010b) is apparently more in line with Xi et al. (2008) , but seems to disagree with the present study where a generally increasing correlation between wind speed and forest damage for smaller spatial scales was found. However, the stand scale was not examined in the study of Usbeck et al. (2010b) , and Xi et al. (2008) used the wind data from the nearest weather station (at an airport) for one of two stand scale approaches and the landscape scale approach data were adopted from a Fujita scale estimation for the area concerned. Taking into account potential differences between the wind fields (hurricane, tornado, and extratropical winter storm), an assumption of similar spatial conditions may fail for the present case.
The damage inventory map for the storm Lothar shows several west-east aligned stripes with high densities of damaged forest areas (see Fig. 1f ). One possible explanation is that turbulent effects at subgrid resolution triggered these extreme gusts in the downwind stripes. The spatial correlation of natural wind, including strong seasonal wind and extreme storms, was studied by Toriumi et al. (2000) for spatial resolutions between 10 2 and 10 3 m. They found spatial correlations of almost zero, especially in the case of extreme wind when the distance between measurement points was larger than 127 m. Therefore, the authors of the present study assume a strong influence of the orography on the air flow, especially in highly structured terrain (Schmöckel 2005; Lux 2007 ). Hence, the closest connection was computed as expected between forest damage and wind speed for the winter storm Vivian. On the other hand, the weak connection between the forest damage and the wind speed for even the smallest circular buffers for the storm Lothar was surprising. It may be explained by the extremely chaotic wind field of this exceptional storm event (Schütz et al. 2006 ). In the case of the storm Vivian, the wind field was partly channelized, especially in the valleys (König 1995) . In a numerical experiment, Schär and Durran (1997) showed that topographic features can trigger "vortex streets", i.e. stripes with elevated turbulence. A similar phenomenon possibly occurred during the storm Lothar: When backtracking, the directions of stripes seem to point to sharp mountain crests in the otherwise smooth ridge of the Jura Mountains, such as the Creux du Vent and the Clus at Rondchatel. The resulting high turbulence may have contributed to the lower R 2 of Lothar compared to Vivian. If these stripes were caused by small topographical features, such special conditions could be included in future models with higher spatial resolution.
Not surprisingly, the main damage areas in Switzerland were found along the Alpine valleys for the storm Vivian, but in the moderately hilly areas of the Swiss Plateau for the storm Lothar. The nonchannelized wind field of Lothar obviously included a spatially chaotic structure which was impossible to take adequately into account either by aligning the buffers to the wind direction or by the use of the smallest possible buffer size.
The problematic variable in this case is the wind speed, i.e. the spatial resolution of the available observed wind data. In such cases, the use of modelled wind data is an appropriate solution. The simulation data used in this study were derived from a rather old simulation model (Schubiger, F., MeteoSwiss, oral communication in 2007) . The finding that there were significant correlations between the simulated gust wind speed and the forest damage on a small scale are in line with that of Usbeck et al. (2010b) . The reason why the significance level increased when only lower altitudes were considered may be that variations in altitude increase with buffer radius in mountainous regions. Better results should be attainable when using results from computer simulations specifically run for this special purpose. Such a model is available with FITNAH, a nonhydrostatic mesoscale simulation model (Gross 1991) . This model is being developed explicitly including the estimation of storm damage risks to forests and has successfully been applied to forest damage of the winter storms Vivian (König 1995) and Lothar (Schmöckel 2005) . FITNAH uses various variables describing forest site and stand conditions, especially factors closely related to the wind drag such as tree age (referring to the tree height), altitude, and exposition.
Using such models and incorporating available forest site condition information and topography may potentially improve the correlation between wind information and forest damage in the complex Swiss terrain.
Conclusions
Gust wind speed was the wind variable that had the highest correlation with storm damage to forests, with a higher coefficient of determination for the small circular buffer areas. If it were possible to obtain more reliable and spatially accurate wind speed and pressure estimations, especially for gusts at the scale of forest stands, most of the storm damage risk to forests could probably be modelled on the basis of wind variables. For this purpose, the effects of small-scale topography on turbulence are not adequately included in current weather models. Until all the main influencing factors can be included, however, damage models will remain difficult to adapt and will produce rather random results.
If the reoccurrence period of damaging storms is shorter than the period needed for the forest to become productive and fulfil the goal of forest management, potentially affected forest stands will have to be managed in a different, loss-minimising way. For such decisions, detailed knowledge about the spatial distribution of risks is essential. Therefore, additional deterministic and probabilistic research on the mesoscale, toposcale, and microscale risks to Swiss forests is needed for all areas likely to be affected by damaging storms.
